ity requirements have resulted in use of conservative breeding strategies in the development of new cultivars. The impact of breeding practices on genetic diversity within U.S. fl ue-cured tobacco germplasm has not been investigated. In this study, we genotyped 117 tobacco cultivars from eight sequential time periods with 71 microsatellite primer pairs. A total of 294 alleles were scored. Only a fraction (48%) of alleles present in the initial germplasm pool was represented in cultivars released during the 1990s and 2000s. Only 13 and 18 alleles were detected in the 1990s and 2000s, respectively, which were undetected in the initial gene pool. The overall trend was one of gradual reduction in allelic counts at microsatellite loci, indicating a reduction in diversity over time at the gene level. Average genetic similarity was highest among cultivars of the 1990s and 2000s, refl ecting a reduction in genetic diversity at the population level. This observed narrowing of the U.S. fl ue-cured tobacco germplasm base in combination with low rates of genetic gain for yield in the last 20 years may point to a need for diversifi cation of parental materials used in future breeding crosses. Reported genetic relationships among the group of genotyped cultivars may be valuable for future strategic germplasm choices.
inherited traits, such as genetic resistance to black shank (Phytophthora parasitica Dastur var. nicotianae (Breda de Haan) Tucker) and bacterial wilt (Ralstonia solanacearum E.R. Smith) (Bullock, 1943; Smith et al., 1945) . Wild Nicotiana relatives have only been used as sources of simplyinherited disease-resistance genes.
Sustained genetic improvement of crop plants depends on availability of genetically variable populations in which selection can be conducted. The restricted nature of the U.S. fl ue-cured tobacco germplasm base has been suggested by pedigree analysis. Murphy et al. (1987) estimated the average coeffi cient of parentage among a set of 131 historically important U.S. fl ue-cured tobacco cultivars to be 0.41. This is considerably higher than similar determinations made for other self-pollinated cultivated crop species (Lewis and Nicholson, 2007) . The extent to which modern breeding practices may have narrowed the immediate fl ue-cured tobacco germplasm pool over time has not been investigated. Such analyses can be important for understanding the impact of plant breeding on crop diversity and for devising strategies for future genetic improvement.
DNA markers have been useful for examining genetic diversity within crop species (Donini et al., 2000; Lu and Bernardo, 2001; Le Clerc et al., 2005; Fu et al., 2006) . Past molecular marker research in tobacco has mostly focused on the use of randomly amplifi ed polymorphic DNA (RAPD) or amplifi ed fragment length polymorphism (AFLP) markers. These marker systems reveal relatively low levels of polymorphism among N. tabacum materials, however (Rossi et al., 2001; Ren and Timko 2001; Nishi et al., 2003) , making them most useful for detecting chromatin introgressed from wild relatives (Bai et al., 1995; Yi et al., 1998; Johnson et al., 2002; Lewis 2005; Milla et al., 2005 Moon and Nicholson 2007; . Large-scale sequencing eff orts for tobacco, however, have led to the development of microsatellite, also referred to as simple sequence repeat (SSR), markers that have increased observed rates of polymorphisms in tobacco and that have been useful for genetic mapping in this species (Bindler et al., 2007) .
For this research, a set of 117 fl ue-cured tobacco cultivars were genotyped with 71 microsatellite primer pairs described by Bindler et al. (2007) . The fi rst objective was to use this genotypic information to investigate genetic relationships among these 117 cultivars. The second goal was to determine the fraction of microsatellite alleles found in 37 representatives of the original germplasm pool of "farmer varieties" that are now present in modern cultivars. The third objective was to assess the degree to which application of scientifi c plant breeding methods has aff ected genetic diversity at the gene and population levels over seven decades of fl uecured tobacco cultivar improvement.
MATERIALS AND METHODS

Plant Materials
A total of 117 fl ue-cured tobacco cultivars divided into eight groups were selected for this research (Table 1) . The fi rst group consisted of a set of 37 fl ue-cured farmer varieties that were grown in tobacco growing regions of the U.S. in the early part of the 20th century (Garner et al., 1936; Chaplin et al., 1962) . Almost all fl ue-cured tobacco germplasm is presumed to have originated from this gene pool. The remaining seven groups included cultivars released during seven decades: 1940s, 1950s 1960s, 1970s, 1980s, 1990s, and 2000s . Each of these decades was represented by 10 to 16 cultivars. Attempts were made to include all cultivars that occupied signifi cant acreage during the given periods. Seeds of historical cultivars were obtained from the U.S. Nicotiana Germplasm Collection (Lewis and Nicholson, 2007) . Seeds of recently released cultivars were obtained from private seed companies or public universities. Information related to each cultivar (year of release, etc.) was obtained from published tobacco extension documentation or historical North Carolina Offi cial Variety Test information.
DNA Extraction
Genomic DNA was isolated using DNeasy plant DNA isolation reagents (Qiagen, Valencia, CA) . Approximately 5 g of fresh leaf material (bulk of tissue from three greenhouse-grown plants) were ground for each cultivar using liquid nitrogen. For each sample, 10 mL of AP1 reagent (65°C) and 20 μL RNase A was added followed by vigorous shaking. Samples were then incubated for 10 min in a 65°C water bath and subsequently placed in ice for 10 min. After centrifugation for 5 min at 4000 rpm at room temperature, supernatants were transferred to fresh 50 mL conical tubes with 10 mL of 25:24:1 (v/v/v) phenol:chloroform:isoamyl alcohol (pH 8.0). After shaking for 15 min, tubes were centrifuged at 3000 rpm for 10 min at room temperature. Aqueous layers were transferred to fresh 50 mL conical tubes and 12 mL of 100% isopropanol was added. After centrifugation and removal of supernatants, DNA pellets were dried and then resuspended in TE buff er (pH 7.4).
Microsatellite Detection
All 117 cultivars were genotyped using 71 microsatellite primer pairs amplifying bands at loci positioned on 23 of 24 linkage groups (Bindler et al., 2007) . A multiplex system of genotyping was used where two to six primer pairs were simultaneously analyzed using diff erent fl uorescent tags. PCR reactions were performed in 25 μL fi nal volumes containing 25 to 50 ng of template DNA, 12.5 μL 2X Qiagen Multiplex PCR master mix (Qiagen), 2.5 μL fl uorescently labeled primer mix (0.2 uM per primer), 1 μL 100% DMSO, and 8 μL H 2 O (DNase/RNase free). Reaction mixes were overlaid with 10 μL of light mineral oil to reduce evaporation. Reactions were initiated with a 15 min incubation period at 95°C followed by 34 cycles of 1 min at 94°C, 2 min at 60°C, and 1 min at 72°C. The fi nal reaction step was 60°C for 30 min.
Reaction products were diluted 1:50 (PCR mixture: water), and 2 μL of diluted products were then combined with 9.75 μL of HiDi Formamide (Applied Biosystems, Foster City, CA) and 0.25 μL of GS500LIZ (Applied Biosystems), or 0.25 μL GS500ROX (Applied Biosystems). Samples were separated using a 36 cm capillary array on either an ABI 3100 or an ABI 3730 DNA sequencing system (Applied Biosystems). Amplicons were scored using the "Local Southern Method" and default analysis settings within GeneMapper (v. 3.5) software (Applied Biosystems). Final band sizes were standardized to an internal DNA control and on the basis of the ABI 3730 sequencing system.
Data Analysis
For each microsatellite primer pair, standard statistics were computed that included the total number of alleles, number of rare alleles ( frequency < 0.05), and polymorphic information content (PIC) as described by Roussel et al. (2004) . Possible changes in genetic diversity over time were investigated using multiple approaches. To examine changes at the gene level, the total number of alleles produced per primer pair and the total number of alleles amplifi ed by all primer pairs were calculated for each of the eight breeding periods. To statistically compare allelic count numbers for any two groups of cultivars, we applied the random permutation procedure of Fu et al. (2003) . In this method, a PROC IML program (SAS Institute, Cary, NC) was fi rst used to select a single allele. On the basis of the observed frequency of this allele in the group of 117 cultivars, the allele was allocated to the 117 cultivars without replacement regardless of year of release. This step was repeated for all other alleles identifi ed in this investigation, followed by counting the number of alleles for the simulated cultivars from the given time periods. Diff erences in allelic counts between two groups of simulated cultivars were then calculated and compared with actual observed diff erences. These steps were then repeated a total of 10,000 times, and results were averaged over all permutations to produce the expected number of alleles and standard deviations for cultivars in each time period. The probability of observing the diff erence between actual and expected values in the absence of selection was given by the proportion of the 10,000 permutations where the diff erence in simulated allelic count was greater than the actual allelic diff erence.
Comparisons of average genetic similarities for each of the eight time periods were used to examine possible changes in genetic diversity at the population level. Genetic similarity values (S ij ) were calculated for all pairwise cultivar combinations within a given time period according to the method of Dice (1945) , and mean S ij values were subsequently calculated for each period. Standard errors for mean S ij values and t tests for testing for signifi cant diff erences between mean S ij values for diff erent time periods were calculated according to Leonard et al. (1999) . The t tests applied here were designed for application to marker data where amplifi ed PCR products are expected to be nearly independent, as is the case with RAPD or AFLP data. Leonard et al. (1999) indicate that, for microsatellite data (where diff erent alleles amplifi ed by a given primer pair are usually not independent), standard errors for mean S ij are underestimated, although probably by a small amount. Thus, the t tests of Leonard et al. (1999) likely slightly overestimate the signifi cance of diff erences between mean S ij ' s for our situation. The genetic relationships among the 117 cultivars was also examined by fi rst generating a genetic distance matrix using the shared allele coeffi cient (Chakraborty and Jin, 1993) by PowerMarker version 3.25 (Liu and Muse, 2005 ). The distance matrix was then imported into NTsys-PC version 2.2 (Rohlf, 2000) and a dendrogram was produced based on the matrix and the Unweighted Pair Group Method with Arithmetic Averaging (UPGMA) algorithm (Sneath and Sokal, 1973) . Bootstrap support for dendrogram branches was conducted using 500 replicates by means of the software program Winboot (Yap and Nelson, 1996) .
Cultivar associations were also investigated via principle co-ordinate (PCO) analysis. The genetic distance matrix based on the shared allele coeffi cient and generated by PowerMarker was imported into NTsys-PC version 2.2, and PCO analysis was performed using the Dcenter and Eigen functions. The fi rst two axes from the analysis were plotted.
RESULTS
Microsatellite Polymorphism
Of the 71 microsatellite primer pairs used in this study, 69 were found to produce amplifi cation products that were polymorphic amongst the 117 cultivars that were genotyped (Table 2 ). These 69 primer pairs amplifi ed loci from 23 of the 24 linkage groups reported by Bindler et al. (2007) , and a total of 294 alleles were scored. The number of alleles detected by these primers ranged from 2 to 12 (Table 2) , with a mean of 4.26. PIC values for primer pairs that produced polymorphic bands ranged from 0.009 to 0.862 (Table 2) . Of the 294 total observed alleles, 166 (56.5%) were considered to be rare ( frequency < 0.05). One-hundred and twenty-four and 130 alleles that were detected in the initial gene pool were undetected for the 1990s and 2000s time periods, respectively. Only 13 and 18 alleles were detected in the 1990s and 2000s, respectively, which were undetected in the initial gene pool.
Changes in Allelic Diversity
Changes in the number of alleles detected per locus refl ect changes in genetic diversity at the gene level. The overall trend for the total number of observed alleles was one of gradual reduction. The total allele count declined substantially from 215 for the initial gene pool to 169 for the 1940s. The only exception to the continuing trend of gradual reduction over time was an increase in the observed allele count from 125 for the 1960s to 135 for the 1970s. The 1990s and 2000s exhibited the lowest observed total allele counts (104 and 103 for each period, respectively). This represents approximately 48 and 61% of the total number of alleles present in the initial gene pool and the 1940s time period, respectively.
The permutation test of Fu et al. (2003) was applied to the genotypic data to reduce possible bias in comparing allelic count data for groups with diff erent numbers of members. Results indicated signifi cantly lower allelic counts for the 1960s, 1980s, 1990s, and 2000s relative to the total allelic count for the initial gene pool (P < 0.003) ( Table 2 ). Because only a handful of cultivars from the initial gene pool are thought to have contributed to the development of modern-day cultivars (Murphy et al., 1987) , genotypes for all members of the initial gene pool were eliminated from the analysis and comparisons for all groups were made relative to the 1940s time period. Similar results were again observed, where all periods had signifi cantly reduced levels of allelic diversity relative to the 1940s (P < 0.019). Trends for individual microsatellite loci were also examined. For 54 out of 69 microsatellite loci, the number of observed alleles for the 2000s was numerically lower than the total number for the initial gene pool (Table 2) . There was an increase in the total number of alleles for only one primer pair (PT30250). Permutation tests indicated only six reductions on six linkage groups to be signifi cant at the P < 0.05 level, however (Table 2) .
Changes in Average Genetic Similarity
In comparison to changes in allelic counts which refl ect changes in diversity at the gene level, changes in average genetic similarities indicate changes in diversity at the population level. The general overall trend was one of an increase in mean S ij from the 1940s to the 2000s, although there was some oscillation between the 1950s and 1990s. Average S ij values were the lowest for the 1940s (Table 3) . The highest and second-highest average S ij values (0.874 and 0.849) were for the 2000s and 1990s, respectively. The t test of Leonard et al. (1999) indicated the mean S ij for the 2000s to be signifi cantly higher than the mean S ij for all other time periods except the 1990s (P < 0.005). The mean S ij for the 1990s was found to be signifi cantly higher than the mean S ij for the initial gene pool, the 1940s, and the 1950s (P < 0.03). Bindler et al. (2007) . ‡ Rare alleles are those present with a frequency below 0.05. § Number in parenthesis equals the total number of cultivars genotyped for each time period. ¶ Equals the proportion of 10,000 random permutations conducted according to Fu et al. (2003) where the simulated difference in the number of alleles between the initial gene pool and the given time period was larger than the observed difference.
# Observed lost = the total number of alleles undetected in the cultivars of a specifi c time period relative to those present in the initial gene pool. † † Observed new = the total number of new alleles detected in the cultivars of a specifi c time period relative to those present in the initial gene pool. ‡ ‡ Expected total = the total number of alleles expected to be detected in the cultivars of a specifi c time period as determined by the method of Fu et al. (2003) . § § Expected standard deviation = the standard deviation of the number of alleles expected to be detected in the cultivars of a specifi c time period as determined by the method of Fu et al. (2003) . 
UPGMA-Based Cultivar Grouping and Principle Co-ordinate Analysis
A UPGMA-based dendrogram was generated to gain insight on the relationships among the cultivars that were genotyped (Fig. 1) . Cultivar groupings largely agreed with known pedigree information. Members of the group of cultivars released during the 1990s and 2000s appeared to be the most closely related as many of the cultivars from these two periods were clustered tightly together. Only 'NC606,' 'Speight NF3,' and 'CU748' resided outside of the grouping that included most cultivars of these two time periods. In general, cultivars from the two most recent time periods were more similar to each other than were cultivars of the initial gene pool and the 1940s. Cultivars of the latter two periods were much more loosely grouped. Associations were further assessed using principle coordinate analysis. The fi rst two axes from this analysis explained 34% of the total observed variation, with the fi rst and second axes explaining 21 and 13% of the variation, respectively. Lines were drawn between extreme points of areas occupied by cultivars of three time periods (the initial gene pool, the 1940s, and the 2000s) following the procedure of Donini et al. (2000) . This approach highlights the ranges of diversity for cultivars of each time period. Areas occupied by cultivars of the initial gene pool and the 1940s were large, and substantial overlap was observed between these two groups (Fig. 2) . Breeding eff orts appeared to increase the similarity of recently released material as cultivars of the 2000s occupied a much smaller area relative to cultivars of the fi rst two periods. Cultivars of the fi rst two time periods were widely dispersed on the scatterplot. Cultivars from the 2000s had much less dispersion and were shifted to the left on the plot. The plot showed very little overlap between cultivars of the 2000s and those from the initial gene pool and the 1940s.
DISCUSSION
Advanced cycle pedigree breeding has the desirable eff ect of reducing the frequency of, or eliminating, unfavorable alleles due to selection. Some alleles would also be expected to be lost due to genetic drift. A negative aspect of this breeding practice, however, is that genetic variability within modern populations can be substantially reduced. Modern cultivars are more elite, but also more narrow genetically.
In this study, multiple methods incorporating analysis of microsatellite data were applied to investigate possible changes in genetic diversity in fl ue-cured tobacco germplasm. Results indicated that (i) only a fraction of the alleles (48%) present in the initial gene pool are represented in fl ue-cured tobacco cultivars of the 1990s and 2000s, (ii) genetic diversity has been gradually reduced at the gene level, and (iii) genetic diversity as measured at the population level is lowest for the 1990s and 2000s time periods. Similar studies have been conducted for several other crop species. Some reports have suggested loss of genetic diversity as a consequence of plant breeding to be negligible (Donini et al., 2000; Manifesto et al., 2001; Christiansen et al., 2002; Khan et al., 2005; Reif et al., 2005) . Other studies have indicated changes in diversity to be of a qualitative nature (at the gene level), rather than at the population level (Russell et al., 2000; Lu and Bernardo, 2001; Roussel et al., 2004 Roussel et al., , 2005 Fu et al., 2005) . Maccaferri et al. (2003) reported an increase in the level of diversity present in modern cultivars of durum wheat.
The reduction in genetic diversity for U.S. fl ue-cured tobacco is not surprising. Tobacco breeding began with a relatively narrow germplasm base. Murphy et al. (1987) found the average coeffi cient of parentage among a group of 131 fl ue-cured tobacco cultivars to be very high (0.41), and considerably higher than similar estimates for other self-pollinated crop species (Lewis and Nicholson, 2007) . Results from the current study indicate that the core fl uecured germplasm base has become narrower with time. The high degree of genetic similarity among materials released during the 1990s and 2000s may be due, to a large extent, to many recent cultivars being largely developed from crosses involving 'K326,' a very popular highyielding and high-quality cultivar released in the early 1980s. Narrow germplasm bases may be more evident for crop species such as barley (Martin et al., 1991) and tobacco (Murphy et al., 1987) where quality attributes are included amongst the most important breeding objectives. The situation for fl ue-cured tobacco may be an extreme example of the impact that stringent quality requirements and conservative breeding strategies can have on genetic diversity in germplasm pools. To be eligible for commercial release, experimental fl ue-cured tobacco cultivars must meet a set of rigid quality requirements outlined by the U.S. Regional Minimum Standards Program (Bowman, 1996) . Almost all cultivars have been developed from crosses between elite materials, and "exotic" germplasm is thought to have entered into elite germplasm pools only in small doses through eff orts to introgress simply inherited disease-resistance genes from wild Nicotiana relatives, or to incorporate oligogenic resistance to bacterial 1940s, 3 = 1950s, 4 = 1960s, 5 = 1970s, 6 = 1980s, 7 = 1990s, and 8 = 2000s) .
wilt and black shank from N. tabacum lines 'Florida 301' and 'TI448A,' respectively (Bullock, 1943; Smith et al., 1945 ). In the current study, only 13 and 18 alleles were detected in the 1990s and 2000s, respectively, which were undetected in the initial gene pool. It may be worthwhile to investigate whether any of these markers are linked to genes aff ecting disease resistance. Genetic variability is generally considered essential for gain from selection. Lower or reduced levels of genetic variability may restrict the potential for further genetic improvements for important agronomic characteristics. Genetic gain for yield had been steadily realized from the 1960s until the early 1980s (Bowman et al., 1984) . This, in fact, can be cited as a success from continued selection within a very restricted germplasm pool. Very little genetic advancement has been made for yield in fl ue-cured tobacco since the 1980s, however. The marker-based results from the current study indicate an extremely high degree of genetic similarity among modern breeding materials. Increased attention may need to be paid to diversifi cation of germplasm in fl ue-cured breeding populations if continued gains for yield are desired, or if breeders wish to maintain fl exibility for dealing with future breeding challenges. Results indicate that a fair amount of allelic diversity exists within the U.S. fl ue-cured tobacco germplasm pool as a whole. Genetic relationships illustrated in Fig. 1 may provide valuable information for strategic germplasm choices in future tobacco breeding eff orts. Table 1 . (B) Plot for fi rst two PCO axes, where numbers indicate breeding periods (1 = initial gene pool, 2 = 1940s, 3 = 1950s, 4 = 1960s, 5 = 1970s, 6 = 1980s, 7 = 1990s, and 8 = 2000s) . Lines (regular, thickened, and dashed) join together variation extremities for the initial gene pool, 1940s, and 2000s, respectively.
